Specific HLA DQ and DR alleles have been associated with susceptibility to type 1 diabetes. HLA DQ8 and DQ2 have been shown to strongly predispose to disease and to be in linkage disequilibrium with at-risk DR4 and DR3 alleles, respectively. Inheritance of a mixed DR3/DR4 haplotype confers the greatest risk. A double transgenic mouse expressing both DR3 and DQ8 was generated to investigate potential major histocompatibility complex class II interactions. The DR3/DQ8 transgenic mice developed a spontaneous loss of tolerance to GAD65, in which the T-cell response to GAD65 was restricted by HLA DR. Although the mice also showed spontaneous insulitis, they did not progress to overt diabetes. Mice expressing either transgene (DQ8 or DR3) alone showed mild infiltration of their islets, which disappeared when DQ8 or DR3 was co-expressed with a resistant DR2 allele or the neutral DQ6 allele. Therefore, in a fashion analogous to human diabetes, the murine model demonstrated a requirement for a combination of at-risk DR and DQ allotypes for the initiation of spontaneous autoimmun i t y. Diabetes 4 9 :5 4 8-554, 2000 M ajor histocompatibility complex (MHC) genes have been shown to confer the greatest risk for the development of type 1 diabetes. The HLA DR3 and DR4 haplotypes have been shown to be associated with susceptibility, whereas the HLA DR2 haplotype is protective (1,2). Epidemiological studies have shown that HLA DQ8 (DQB1*0302) and DQ2 (DQB1*0201), which occur in linkage with HLA DR4 (DRB1*0401,0402) and DR3 (DRB1*0301), respectively, have the highest relative risk for diabetes (3-5).
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The role of HLA DQ as a susceptible (6, 7) or protective (8) locus has been a controversial issue. The HLA DQ gene has been implicated in determining susceptibility or resistance to type 1 diabetes (9, 10) . The presence of a nonaspartic acid (ASP) residue at position 57 on the DQ -chain has been positively associated with disease (9) . Heterodimers having non-ASP residue at 57 on DQ and an arginine at position 52 on the DQ -chain are thought to confer the greatest susceptibility (5, 7, 11) . The risk conferred by DQ8 can be modulated by the DR4 allele to which it is linked, with DRB1*0401, 0402, and 0405 conferring little or no protection and with DRB1*0404, 0403, and 0406 providing an increasing degree of protection (12) .
Whether HLA DQ or DR plays a primary role in disease association is debatable. Several studies have suggested that DQ plays a more important role and that DR plays a secondary role (13) (14) (15) . The risk for diabetes is greatest when DR3/DQ2 and DR4/DQ8 haplotypes occur in a heterozygous combination (11, (16) (17) (18) (19) .
There is also evidence to suggest that HLA DQ primarily confers resistance and that HLA DR confers susceptibility to t y p e 1 diabetes (4, 8) . For example, the expression of the DQA1*0102-DQB1*0602 (DQ6) molecule, which occurs in linkage disequilibrium with DR2, strongly protects against the development of diabetes (1) . Taken together, these data suggest that, although DQ alleles play a significant role in determining susceptibility (6, 20) , the extent of this effect is strongly modulated by the expression of other DR and DQ alleles (3, 21) .
Given this body of evidence, we used transgenic mice expressing both HLA DQ and DR in the absence of cell surface endogenous class II dimers (A o/DR3/DQ8, A o / D R 2 / D Q 8 , and A o/DR3/DQ6) to develop a model that would allow us to d e fine the interactions between HLA DQ and DR molecules in t y p e 1 diabetes.
R.S. ABRAHAM AND ASSOCIATES
Antibody estimation by enzyme-linked immunosorbent assay. The doubleand single transgenic mice were immunized with GAD65 (50 µg/mouse) subcutaneously at the base of the tail and in the hind foot-pads. They were bled 2 w e e k s after immunization, and serum was collected. Sera from nonimmunized NOD mice were also collected to serve as a control. Each group consisted of 4-5 mice, and 96-well flat bottom nonsterile polyvinyl chloride microtiter plates were coated with 10 µg/ml of GAD65 in carbonate-bicarbonate coating buffer (pH 9.6) overnight at 37°C. Enzyme-linked immunosorbent assay (ELISA) was performed on the sera samples by a standard protocol. The optical density was read at the wavelength of 450 nm in an ELISA reader. The antibody levels were quantitated using a standard curve of mouse immunoglobulin. Cytokine analysis. Culture supernatants from in vitro stimulations of naive or immunized A o/DR3/DQ8, A o/DR3, and A o/DQ8 mice with GAD65 were collected after 24 h of culture. These supernatants were tested in a cytokine ELISA for interferon (IFN)-and interleukin (IL)-4 (31). Histopathology and estimation of insulitis. Naive transgenic mice were killed, and the pancreases were collected in 4% neutral buffered formalin solution (Sigma, St. Louis, MO). For each group, 5-12 mice were collected. Paraffinembedded blocks were made, 4-µm-thick sections were cut at 300-µm intervals transversely throughout the entire length of the tissue, and the intervening tissue was discarded. The sections were stained with hemotoxylin and eosin and mounted on slides. The hemotoxylin-and eosin-stained sections were evaluated for insulitis in a blinded manner. The insulitis score used for grading the islets was as follows: 0 = normal islet, 1 = peri-insulitis, 2 = <50% insulitis, and 3 = >50% insulitis. The insulitis score was estimated by dividing the total score by the number of islets (32) .
Blood glucose levels were estimated by placing a drop of venous blood onto glucose detection strips, and the reading was obtained by use of an Elite glucometer (Bayer Diagnostics; Bayer, Elkhart, IN). Microsatellite analysis. To perform microsatellite analysis, three markers were chosen for aids 1 and 2 on chromosome 7 (D7Mit232, D7Mit245, and D7Mit308), and one was chosen for chromosome 1 (D1Mit22) (33) . The haplotype present at these four loci was assessed in 19 A o/DR3/DQ8, 5 A o/DR3, and 5 A o/DQ8 transgenic mice. C57/BL10 and C57/BL6 mice were used as controls.
R E S U LT S
Genetic background of transgenic mice. The genetic background, in particular non-MHC genes, has been shown to significantly influence the nature of the immune response and the course of autoimmune diseases (28) . Ta b l e 1 shows the parental haplotype of each of the three primary transgenic mouse strains used in this study. Spontaneous loss of tolerance to GAD65. The presence of two diabetes-predisposing haplotypes in the A o / D R 3 / D Q 8 mice indicated that there might be a loss of peripheral tolerance to islet autoantigens. GAD65, which was identified previously as an early dominant autoantigen, was chosen as the candidate antigen for testing this hypothesis. Single transgenic A o/DR3, A o/DQ8, and A o/DR2/DQ8 mice (1) were used as controls. Lymph node cells from naive animals were stimulated in vitro with GAD65 or 19 individual GAD peptides ( F i g . 1). Only the A o/DR3/DQ8 mice responded to GAD65 ( F i g . 1). A consistent T-cell response was also seen in the naive double transgenic mice to one peptide, m250-273, but not to the other peptides tested. No proliferative responses to either GAD65 or its peptides were detected in the A o/DR3 and A o/DQ8 single transgenic and the A o/DR2/DQ8 double transgenic mice. Thus, the spontaneous loss of tolerance to GAD65 was restricted to the A o/DR3/DQ8 mice.
In vitro antibody-blocking experiments ( Fig. 2 ) that used anti-CD4, anti-DQ, and anti-DR antibodies were performed to characterize the autoreactive GAD65 response. Surprisingly, the GAD response was blocked in naive A o/DR3/DQ8 only by the anti-DR antibody (50%) and not by the anti-DQ antibody (0%). The anti-CD4 antibody blocked ~90% of the GAD response ( Fig. 2A) . These data suggest that the DQ8 allotype is permissive for DR3-restricted autoreactivity. Importantly, the anti-DQ antibody blocked GAD65 responses in vitro i n GAD-immunized A o/DQ8 (Fig. 2B) .
The amount of MHC class II that was present would be a determining factor in the development of loss of tolerance. In this context, levels of tissue-specific surface expression of DR and DQ were analyzed by flow cytometry in thymi, spleens, and peripheral blood lymphocytes (PBLs) from the various transgenic mice. The levels of DR and DQ were comparable with each other in both the spleen and the PBLs in the A o/DR3/DQ8 mice (Fig. 3) . The A o/DR3 and A o / D Q 8 mice had levels of DR and DQ expression that were comparable to A o/DR3/DQ8 mice (data not shown). Because the anti-GAD65 response was CD4 T-cell-restricted, CD4 populations were compared among the A o/DR3/DQ8, A o / D R 3 , and A o/DQ8 mice in spleens (Ta b l e 2). These transgenic mice had similar numbers of CD4 T-cells (Ta b l e 2), which suggests that the spontaneous autoreactivity in the A o/DR3/DQ8 mice was not a result of elevated levels of CD4 T-cells. The role of NK1.1 T-cells, as a regulatory cell pop-TA B L E 1 Genetic background of the three main strains of the HLA transgenic study mice B10 P a r e n t a l B a c k g r o u n d S t r a i n h a p l o t y p e G e n e r a t i o n ( % ) 
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ulation, in the etiology of autoimmune disease has been fairly well documented (34) (35) (36) . It has been reported that there is a deficiency of NK1.1 T-cells in NOD mice (37) . Therefore, we examined the three groups of transgenic mice for the presence of NK1.1 T-cells in the spleen (Ta b l e 2). The A o/DR3/DQ8, A o/DR3, and A o/DQ8 mice had similar NK1.1 T-cell numbers as the B6 or B10 control mice (Ta b l e2 ) . Natural processing of GAD65. A o/DR3/DQ8, A o / D R 3 , and A o/DQ8 mice were immunized with GAD65 subcutaneously to identify epitopes generated by the natural processing of GAD in vivo. (Fig. 4) . All three strains responded comparably to whole GAD65 protein.
The peptides that stimulated a recall response were h247-266, h250-270, m250-270, and mouse and human sequence identical (mh) 487-507, in both the A o/DR3/DQ8 and A o/DR3 mice. A o/DQ8 mice recognized m487-507 and h507-527. As shown in Fig. 1 , peptide m250 is the only peptide among those tested that stimulated a spontaneous response in A o/DR3/DQ8 mice. Immunization with GAD65 in these mice, however, allows for the recruitment of T-cells of a variety of specificities, which results in the recognition of more epitopes on the GAD65 molecule. There was a strong proliferative response to h247-266 in the A o/DR3 mice, which was suppressed by the introgression of DQ8 (Fig. 4 ). These data demonstrate that combinations of MHC haplotypes can regulate epitope-specific responses. Cytokine analysis. Cytokine profiles for the responder T-cells were analyzed to characterize the phenotype of spontaneous autoreactivity. (Fig. 5) . Naive A o/DR3/DQ8 mice produced IFN-in response to administration of GAD65. IL-4 was not detectable in the supernatants. Cells from nonimmunized single transgenic mice (A o/DR3 and A o / D Q 8 ) did not secrete any detectable cytokines in response to GAD65 administration. After immunization with GAD, cells prepared from all three groups produced only IFN-o n rechallenge with GAD (Fig. 5 ) . Antibody responses in A o/DR3/DQ8 mice. Because the development of GAD autoantibodies is a hallmark of human diabetes but is unusual in NOD mice (38) , sera of immunized and naive A o/DR3/DQ8, A o/DR3, and A o/DQ8 mice were analyzed for the presence of GAD-specific antibodies (Fig. 6 ) . All three groups of mice produced anti-GAD65 antibodies after immunization with GAD, but there was no spontaneous generation of autoantibodies in any group. (Fig. 7) . The A o/DR3/DQ8 mice showed intra-islet insulitis with ~5% of islets showing >50% infiltration (Fig. 8 ) . 
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of type 1 diabetes (39) . The relationship between the HLA complex and disease can be threefold: 1) HLA molecules are directly involved in the disease process by modulating the immune response in some fashion; 2) the association is merely a marker where the particular MHC allele(s) is not directly involved but is inherited in linkage disequilibrium with other genes that are responsible for the disorder; or 3) the association may be completely artifactual. To the best of our knowledge, this is the first report on type 1 diabetes that demonstrates that the interactions of the MHC molecules are crucial to the development of the earliest manifestations of autoimmunity. The phenomenon of linkage disequilibrium within the MHC limits the study of either the individual contributions of or epistatic interactions between various DR and DQ haplotypes, with respect to diabetes. To study these effects, transgenic mice lacking endogenous MHC class II, but expressing various DR and DQ alleles alone or in combination, were generated. The A o/DR3/DQ8 mice showed strong spontaneous T-cell responses to GAD, whereas the control mice, the A o/DR2/DQ8, A o/DR3, and A o/DQ8 naive transgenic mice, did not. This suggests that both susceptible class II alleles are required for the selection and expansion of autoreactive T-cells, an event that did not occur in either the single transgenic or the A o/DR2/DQ8 mice. Antibody-blocking studies revealed that the GAD65 recall response in A o/DR3/DQ8 mice was inhibited by anti-DR and anti-CD4.
The levels of DR and DQ expression were similar in the three strains of transgenic mice and, additionally, did not show much tissue-specific variation, although levels in the thymus were a little lower than those in the spleen or peripheral blood. The latter finding, though, may merely be a result of lower numbers of antigen-presenting cells in the thymus. Also, there were no differences in the numbers of CD4 or NK1.1 T-cells in the transgenic mice, which indicates that the loss of tolerance to GAD65 in the A o/DR3/DQ8 mice could not be attributed to a difference in the number of "effector" CD4 T-cells. Data are means ± SD.
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mice, co-expression of DQ8 suppressed the recognition of h247-266; in contrast, h247-266 was the dominant epitope recognized in the single DR3 transgenic mice. Similar fin d i n g s have been reported with Schistosoma japonicum i n f e c t i o n and cedar pollinosis (40, 41) . In these studies, a model was proposed (40) in which DQ and DR interact epistatically, and the presence of certain DQ molecules was sufficient for suppression of DR responses. This model seems to fit with the data from the DR3/DQ8 transgenic mice. The DR3 molecule did not affect recognition of the apparent DQ-restricted peptide, mh487-507. Because MHC class II alleles have been suggested to influence the Th-phenotype of responder T-cells, cytokine profil e s in response to GAD were determined. Naive A o / D R 3 / D Q 8 mice showed low levels of IFN-, but there was no discernible IFN-or IL-4 in the single transgenic mice. However, on GAD immunization, all three groups of mice produced large amounts of IFN-. Thus, there appears to be a Th1-dominant response to GAD in all of the MHC backgrounds tested, which is in accord with the findings on the loss of tolerance to GAD65 in the NOD mice (42) . Therefore, the progression to insulitis in the double transgenic mice cannot be explained solely on the basis of cytokine profiles as determined by responses to GAD65.
Histologic evidence of spontaneous insulitis occurred largely in the double transgenic mice (A o/DR3/DQ8). Insulitic infiltration was found in ~17% of islets, 5% of which were either completely destroyed or showed >50% infiltration. The single transgenic groups, A o/DR3 and A o/DQ8 mice, showed lesser insulitic changes, although the A o/DR3 mice did have 2-3% islets with >50% inflammatory destruction, which was not significantly different from that seen in the A o/DR3/DQ8. In the double transgenic mice, however, the total number of islets affected to varying degrees by lymphocytic infiltration was greater than that in either of the single transgenic mice. Intere s t i n g l y, in the A o/DR2/DQ8 and A o/DR3/DQ6 mice, insulitis was completely abrogated, which clearly demonstrates that the presence of a resistant (DR2) or a neutral allele (DQ6) can override the effect of a predisposing MHC allele. Therefore, the progression of insulitis appeared to require also the epistatic interaction of at-risk MHC class II genes. R e c e n t l y, two areas on the genome, each composed of four loci, have been identified. These two areas are crucial for hastening the progression of insulitis to diabetes in T-c e l l receptor transgenic B6 (C57BL/6) mice. Homozygosity of at least one of these loci appears to be necessary for disease to develop in this model (33) . The strains of mice tested in this study were homozygous for all four B6 susceptibility loci (data not shown).
The structure of the DQ molecule is considered to be important in determining the nature of the autoimmune response in type 1 diabetes. The DQ8 molecule has been shown to be a poor selection element, and this could influ e n c e the T-cell repertoire (43) . In humans, there appears to be more DR expression in the periphery and less in the thymus, whereas the reverse is true for DQ expression. Therefore, it has been proposed that predisposition to disease may involve thymic repertoire selection by DQ and presentation of self antigens in the periphery by DR (44) (45) (46) . If such were the case, this phenomenon would support the findings (47) that MHC class II genes can differentially regulate the immune response. The stage would then be set for epistatic interactions between MHC class II molecules, which, as shown in this article, predispose to autoimmunity. We gratefully acknowledge Michele Smart for the technical assistance in flow cytometry and Julie Hanson for the technical assistance in animal breeding. We would also like to acknowledge the assistance of Dr. Kenneth Batts (Department of Pathology, Mayo Clinic) in evaluating pancreatic h i s t o l o g y. 
